Objectives-To evaluate whether Superb Micro-Vascular Imaging (SMI; Toshiba Medical Systems Corporation, Tochigi, Japan) is superior to power Doppler flow imaging (PDFI) in depicting thyroid nodular vascularity and to primarily explore the diagnostic performance of vascularity on SMI integrated with grayscale sonographic features for diagnosis of malignant thyroid nodules.
T hyroid sonography has been widely used to differentiate malignant thyroid nodules from benign ones. 1 Influential guidelines consistently recommend several grayscale sonographic features associated with thyroid cancers. [2] [3] [4] [5] [6] Although vascularity is an important part of sonographic evaluation, existing studies have not reached an agreement regarding its assessment. Most guidelines [3] [4] [5] [6] take intranodular vascularity or increased intranodular vascularity as a suspicious malignant finding, but in the latest edition of the American Thyroid Association guidelines, 2 blood flow has been removed. As is well known, tumors are highly dependent on angiogenesis, which presents different features in malignant and benign processes. [7] [8] [9] The vascularity observed on sonography often indicates neovascularity in tumors. 10 Color and power Doppler features were used to predict malignant thyroid nodules. [11] [12] [13] [14] [15] [16] However, the conclusions of different researchers have been controversial. One of the reasons it is difficult to obtain the full real vascular information is the limitations of color Doppler flow imaging and power Doppler flow imaging (PDFI). Although the latter is more sensitive than the former at detecting small vessels, they are both limited by clutter and overflow when used under a lower scale condition because the clutter, ie, tissue motion artifacts, would overlie real low-velocity blood flow, and the overflow, ie, blood flow signals over the lumen, would deform vessels.
Therefore, technical challenges exist in revealing the overall vascularity of thyroid nodules. Superb MicroVascular Imaging (SMI), provided on the Aplio 500 ultrasound system (Toshiba Medical Systems Corporation, Tochigi, Japan) in 2014, is a new Doppler sonographic technique that claims to allow visualization of minute vessels without clutter by using a unique algorithm. 17 It uses advanced clutter suppression to extract flow signals from large to small vessels. Conventional Doppler imaging applies a wall filter to remove clutter and motion artifacts, resulting in a loss of low-flow components. Superb MicroVascular Imaging analyzes clutter motion and uses a new adaptive algorithm to identify and remove tissue motion and reveal true blood flow. We have used this new technique to detect vascular patterns of thyroid nodular diseases, and there were no clutter and almost no overflow when used under a lower scale. To date, no clinical research with SMI to evaluate thyroid vascularity has been reported. The purpose of this study was to compare the diagnostic value of vascular patterns on SMI with those on PDFI of thyroid nodules. Furthermore, if a significant increase existed in SMI compared with PDFI, then the diagnostic performance of a vascular pattern on SMI integrated with grayscale sonographic features to predict malignant thyroid nodules would be primarily explored.
Materials and Methods
This retrospective study was a conducted at a single center and approved by the Ethics Committee of our hospital. Written informed consent was obtained.
Patients
One hundred thirteen consecutive resident patients undergoing thyroid nodule surgery who had undergone preoperative sonographic examinations in our hospital from August 2015 to December 2015 were initially considered for our study. The indications for surgery were suspicious sonographic malignant findings (n 5 98), compression symptoms (n 5 8), short-term enlargement (n 5 6), and hyperthyroidism (n 5 1).
The inclusion criterion for nodules was the presence of a signal or multiple nodular thyroid lesions. Twentyfive nodules were excluded because fine-needle aspiration biopsy was performed before admission, which might have had an effect on the vascularity, and 2 nodules without pathologic results were excluded because of partial thyroidectomy.
Finally, 92 patients with 113 nodules that had pathologic results after thyroidectomy were included. Twelve of these patients had malignant as well as benign nodules. These nodules were divided into 2 groups: a benign group, including 34 nodules, and a malignant group, including 79 nodules.
Sonographic Examinations
All patients respectively underwent 3 modes of sonography with a high-frequency transducer (L14-5, Aplio 400) before surgery: grayscale sonography, PDFI, and SMI. All nodules were dynamically scanned in the longitudinal, transverse, and beveling sections by a radiologist with 5 years of experience in thyroid sonography. Grayscale imaging was performed with standard thyroid conditions on the equipment. Parameters for both PDFI and SMI for each nodule were regulated to reveal the best vascularity without much noise, which required scales of 3.6 to 7.6 and 1.5 to 2.4, respectively. The wall filter was regulated at 0 to 100 Hz for both procedures. Two SMI modes were available: monochrome and color, with the former having more sensitivity. A doublescreen function that allowed grayscale imaging and SMI visualized at same time was used when vessels were located. Materials were stored as images and videos. To avoid interobserver variability, 2 radiologists with 5 and 10 years of experience, who were blinded to any clinical information, recorded the sonographic features, and if a disagreement existed between them, a third expert with 20 years of experience would make the final determination. All of the grayscale, PDFI, and SMI materials for each nodule were interpreted separately and randomly in case there was interference from one mode while the observers were reviewing another mode on the same nodule.
Nodular size and grayscale features, including calcifications, echogenicity, margins, shape, and internal components, were recorded. Calcifications were classified as none, microcalcifications (diameter < 1 mm), and coarse calcifications. Echogenicity was classified as hypoechoic, isoechoic, and hyperechoic compared with the surrounding thyroid. Margins were defined as regular and irregular (infiltrative, microlobulated, or spiculated). Shape was classified according to whether the node was taller rather than wider and measured on a transverse view. Internal components were categorized as solid, mixed solid, and cystic.
Vascularity was classified as 4 patterns: type 0 for no credible vascularity (defined as no perivascularity or dotted perinodular flow on <25% of the nodule's circumference and without any internal flow), type I for peripheral vascularity (defined as surrounding > 25% of the nodule's circumference without any internal flow), type II for mixed vascularity (defined as the presence of any intranodular flow and peripheral flow on >25% of the nodule's circumference), and type III for intranodular vascularity (defined as exclusively internal flow, including vessels penetrating into the nodule and isolated center vessels).
Statistical Analyses
The Student t test was used to compare patient age and nodule size between malignant and benign groups. A v 2 test or Fisher exact test were used to analyze the differences in the distributions of sex, grayscale sonographic features, and vascular features between the groups. The McNemar test was used to evaluate whether SMI was better than PDFI for determining thyroid nodules. If there was a significant difference, suspicious grayscale sonographic and SMI features would be included in multivariate logistic regression analysis models to identify independent risk factors for malignant thyroid nodules. To investigate whether vascularity could improve the diagnostic performance of thyroid sonography, the diagnostic value of any single suspicious feature and logistic regression models would be compared by receiver operating characteristic curve analysis. The Z test was used to compare the area under the receiver operating characteristic curve (A z ). The j test was used to evaluate interobserver variability. Statistical significance was determined as P < .05 (2 sided). Statistical analyses were performed with the SPSS version 13.0 statistical package (IBM Corporation, Armonk, NY).
Results
The 92 patients had a male-to-female ratio of 12:11 and a median age of 42 years (range, 20-75 years). Of the 34 benign nodules, 4 were follicular adenomas; 9 were follicular goiters; 2 were thyroiditis; and 19 were nodular goiters, of which 5 had fibrosis. Of the 79 malignant nodules, 50 were classic papillary thyroid carcinomas; 28 were the follicular variant of papillary thyroid carcinoma; and 1 was a primary thyroid lymphoma. Benign nodules were more common in men (61.8%); malignant nodules were slightly more common in women (50.6%), but there was no statistical difference in sex between groups. The malignant group was younger than the benign group (mean 6 SD: malignant, 39.97 6 9.04 years; benign, 52.71 6 14.49 years; P < .01). Malignant lesions were smaller than benign lesions (malignant, 11.2 6 6.5 mm; benign, 18.3 6 11.9 mm; P < .01).
The distribution of vascular patterns of all nodules was significantly different for SMI compared with PDFI. Furthermore, significant differences were observed in the benign and malignant groups ( Table 1 ). The blood flow categories of 37 nodules differed between the methods. Among these 37 nodules, 7 were benign lesions for which the patterns transformed from peripheral (4 nodules) and intranodular (3 nodules) vascularity to mixed. Among the 30 malignant lesions, 3 transformed from peripheral (2 nodules) and no (1 nodule) vascularity to mixed, and 27 transformed from no (7 nodules), peripheral (5 nodules), and mixed (15 nodules) vascularity to intranodular (Figures 1 and 2 ). Intranodular vascularity was more frequently observed in malignant thyroid lesions. When using it to detect malignant nodules, the diagnostic performance of SMI was significantly better than that of PDFI, with PDFI having 82.3% specificity and 41.8% sensitivity for intramodular vascularity to predict malignancy. However, on SMI, of the 34 benign nodules, only 3 lesions were type III, which included 1 thyroiditis and 2 nodular goiters. The specificity of intramodular vascularity on SMI to predict malignancy was 91.2%. Of the 79 malignant nodules, 60 lesions presented intramodular vascularity. The sensitivity of intramodular vascularity for malignant lesions was 75.9%.
Therefore, the intramodular vascular pattern on SMI combined with suspicious grayscale features was analyzed. A solid component, hypoechogenicity, a tallerthan-wide shape, irregular margins, microcalcifications, and SMI intranodular vascularity were significantly more frequent in the malignant group (P < .05; Table 2 ). Including these 6 features in a multivariate logistic regression analysis model (the SMI vascularity was classified as intranodular or non-intranodular) showed that a taller-than-wide shape (odds ratio [ Table 3 ). The A z of this model was 0.92, which was significantly superior to any single suspicious feature (Table 4) : logit(p) 5 -2.091 1 (1.700 3 taller-than-wide shape) 1 (2.361 3 microcalcifications) 1 (3.598 3 SMI intranodular vascularity). At a cutoff value of 0.814, the sensitivity and specificity were 79.7% and 85.3%, respectively. Figure 3 shows a nodule that was highly suspicious on grayscale sonography: a markedly hypoechoic solid nodule with a taller-thanwide shape and an irregular margin but without intranodular vascularity [logit(p) 5 -0.391], which was a fibrotic nodular goiter, as confirmed by pathologic results. Figure 4 shows a nodule that had no suspicious grayscale features with small penetrating vessels around it [logit(p) 5 1.507], which was a variant of papillary thyroid carcinoma. All of these diagnoses were made correctly by the logistic model. In addition, high consistency was obtained between different observers in this study (j > 0.75).
Discussion
This study evaluated thyroid nodular vascularity with both PDFI and SMI and showed that intranodular vascularity was a useful feature to predict malignancy. Intranodular vascularity performed well for detecting thyroid cancers, with 82.3% specificity on PDFI and 91.2% specificity on SMI. However, the sensitivity of intranodular vascularity on PDFI (41.8%) was so low that it could not detect malignancy well, but SMI dramatically increased the sensitivity of intranodular vascularity to 75.9% for detecting malignancy.
We analyzed the reasons why these differences occurred between the techniques. Three benign nodules were corrected by SMI (intranodular vascularity The Z value was used to test the difference of A z .
Kong et al-Superb Micro-Vascular Imaging of Thyroid Nodules changed to mixed), and 27 malignant nodules were corrected (transformed to type III from types 0, I, and II). Materials from these nodules were retrospectively reviewed; SMI could detect more vessels, and an encouraging sign was found: the peripheral vessels of 20 nodules on PDFI were actually many small short penetrating vessels arranged around the lesions. Folkman 7 first reported a hypothesis that tumors would be unable to grow beyond a microscopic size of 1 to 2 mm 3 without continuous recruitment of new capillary blood vessels. His team subsequently proved that proangiogenic factors generated from tumors stimulated new vessels converging on tumors from a distance. 18 These new vessels were so intensive and tiny at first that PDFI could not clearly show the branching details. Power Doppler imaging is limited not only to clutter but also to overflow when showing minute vessels, which is why penetrating vessels are mistaken as peripheral vessels. On the contrary, because there are almost no angle dependence, clutter, and overflow at lower scales, SMI shows much more complete and genuine vascular branches ( Figure 5 ). Therefore, many avascular nodules are currently being categorized in vascular groups, and many penetrating vessels that had been mistaken as peripheral flow are being corrected.
However, several authors claimed that vascularity was useful for differentially diagnosing thyroid nodules. 12, 13, [19] [20] [21] A different classification standard for vascular patterns was applied. These authors defined intranodular vascularity as any internal vessels with or without peripheral vessels on color or power Doppler imaging. In a study by Moon et al, 13 of 295 lesions with any internal vessels, 250 were benign. This finding was opposite to many authoritative guidelines that suggested central vascularity as a malignant feature. We agreed that with the criterion of any internal flow as positive, low specificity of the diagnostic test for malignancy would be inevitable. 22 Furthermore, 59.9% (161 of 269) of the malignant nodules in their study showed no vascularity; in contrast, only 15.2% (12 of 79) showed no vascularity on PDFI in ours. The reason for this difference might be the different regulation standards of ultrasound machines. A few authors have also tried to use the presence of exclusive central vascularity to predict malignant lesions, but they only investigated thyroid nodules larger than 10 mm. Higher specificity (95.9% [47 of 49]) was obtained, which was comparable with ours; however, the sensitivity (21.4% [6 of 28]) was so low that vascularity could not be used as an effective parameter for distinguishing malignant thyroid nodules from benign ones. 19 (The calculation of sensitivity and specificity was based on the data provided in those articles.) In these prior studies, results of fine-needle aspiration were used for the final diagnosis. In contrast to them, we only included thyroid nodules with surgical pathologic results. The results were comparable with those of previous studies 23, 24 that included thyroid nodules in the same way. In our study, intranodular vascularity on SMI had high specificity but relatively lower sensitivity. Just as for other sonographic features, vascularity is insufficient for determination because there are overlaps between malignant and benign lesions. To seek a more effective way to recognize malignancy, we brought suspicious grayscale features and intranodular vascularity on SMI into a multivariate logistic regression analysis. Suspicious grayscale features that have been reported to be associated with malignancy include hypoechogenicity, solidness, microcalcifications, irregular margins, and a taller-than-wide shape. [2] [3] [4] [5] In our study, these features were all significantly more frequent in the malignant group. The results showed that independent risk factors for malignant thyroid lesions were microcalcifications, a taller-than-wide shape, and intranodular vascularity. The logistic regression model excluded irregular margins from the independent risk factors, which was different from previous findings. 13, 25 The reason might be because the percentage of the follicular variant of papillary thyroid carcinoma, which is common clinically and often presents with a smooth margin, was much higher than previous studies in our malignant group. On the basis of the OR in this model, the most contributory factor was intranodular vascularity, followed by microcalcifications. The results were comparable with those of Papini et al. 25 The A z of this model was 0.92 and was higher than that for any single suspicious sonographic feature (P < .05). At a cutoff value of 0.693, the sensitivity and specificity were 79.7% and 85.3%, respectively.
There were a few limitations in our study. First, follicular carcinoma and medullary carcinoma were not evaluated; however, some researchers have claimed that vascularity plays an important role in these conditions. 24, 26 A large population of these pathologic types should be verified in the future. Second, the morphologic characteristics of vessels, such as smooth versus tortuous, were not evaluated; we investigated only the vascular pattern in this study. Third, vascularity patterns were not analyzed according to nodular size because we did not see a trend in which the presence of vascularity was associated with size in our data.
In conclusion, intranodular vascularity on SMI is a useful sign to help identify thyroid carcinoma. However, the absence of the sign is unable to completely exclude malignancy because of relatively low sensitivity. A combination of SMI and grayscale features performs better than any single sonographic feature.
